The removal of phenol from aqueous solutions by adsorption on to chicken feathers was studied experimentally using a fixed bed system, the effects of bed depth, feed flow rate and feed concentration on the breakthrough behaviour being investigated. Breakthrough curves showed the constant pattern behaviour typical of favourable isotherms, with a sharp initial breakthrough followed by a slow approach to equilibrium. The breakthrough time increased with increasing bed height, decreasing flow rate and decreasing influent concentration. Phenol uptake, however, increased with increasing feed flow rate and feed concentration. The Thomas and Bed-Depth-Service-Time (BDST) models were applied successfully to the sorptive removal of phenol.
INTRODUCTION
Phenol and phenolic compounds are ubiquitous in the environment and are thus found frequently in surface water. Phenols are introduced into surface water from industrial effluents such as those from the rubber-proofing, coal tar, plastic, pharmaceutical and steel industries as well as from domestic wastewaters, agricultural run-off and chemical spills. Even at low concentrations, phenolic compounds can cause a bad taste and odour in drinking water. In addition, some phenolic compounds have been found to speed up tumour formation and to be ciliostatic (Gupta et al. 1998) . According to the regulations of the World Health Organization, 0.002 mg/l is the maximum permissible limit for phenol concentration in potable water (Srivastava et al. 1997) .
The most widely used method for removing phenolic compounds from aqueous solutions is adsorption, with activated carbon being the most effective adsorbent for treating drinking water and industrial wastewater. However, the high production and regeneration cost of activated carbons has motivated many workers to search for low-cost potential adsorbents. Numerous investigations have been carried out to discover the potential application of readily available and inexpensive materials such as fertilizer waste (Srivastava et al. 1997) , minerals (Haderlein and Schwazenbach 1993) , clays , spent bleaching earths (Pollard et al. 1992) , agricultural byproducts (Johns et al. 1998) , olive wood (Lopez-Gonzalez et al. 1988 ) and chicken feathers .
Continuous flow adsorbers are preferred to batch adsorbers for the removal of micro-pollutants from large volumes of wastewater. The operation may be carried out in steady-state moving bed adsorbers, unsteady-state fixed bed adsorbers and fluidized bed adsorbers. In practice, unsteadystate packed bed adsorbers are used most often for the treatment of large quantities of wastewater.
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In previous work , chicken feathers (the by-product in the chickenmeat production process) have been used to remove phenol in batch sorption experiments where the equilibria and kinetic characteristics of phenol adsorption by chicken feathers were investigated. Chicken feathers are composed of fibrous protein known as keratin that has a complicated structure and contains a large surface area. Proteins have large numbers of side chains that end in amino (-NH 2 ) and carboxylic acid (-COOH) groups. Huge amounts of chicken feathers are produced worldwide. Thus, for example, the weekly production rate of dried chicken feathers in the USA alone, as estimated by scientists at Auburn University, is about 27 000 tonnes (Merka 1997) . As the capacity of chicken feathers towards phenol sorption was found to be comparable to other sorbents, it is of interest to examine the performance of the same sorbent in a flow-through sorption column system and to estimate the effects of parameters that influence the performance of the column, such as the column height, the influent flow rate and the initial concentration of influent.
MATERIALS AND METHODS

Experimental
Raw chicken feathers collected from a poultry-processing plant were washed with a detergent, rinsed several times with distilled water and then left to dry at room temperature. The dried feathers were ground to pass a 20-mesh screen and then used in the sorption tests.
Continuous sorption experiments were conducted in a column packed with chicken feathers. A 20 × 1.2 cm glass column was designed with four ports (4 cm apart, 5 mm diameter) along the column. These ports were connected to filter discs, the two ends of the column, as well as the ports, being fitted with 0.45 mm cellulose filter paper, an O-ring and plug stoppers. The column was packed with 7.75 g adsorbent and phenol solutions with concentrations ranging from 25 to 100 mg/l were pumped upwards through the column at set flow rates.
Samples were collected periodically from the top of the column as well as from the ports and analyzed for residual concentration of phenol. The method of Gales and Booth (1976) , based on spectrophotometric analysis of the developed colour resulting from the reaction of phenol with 4-aminoantipyrine, was used for the measurement of phenol concentration. The state at which the effluent and the influent concentrations were equal is designated below as the steady state.
Theoretical
Many simplified models have been proposed for the design of fixed-bed adsorbers. A useful and easily applied design method is presented by Hutchins (1973) . This model, known as the BedDepth-Service-Time model (BDST), is based on the theory of Bohart and Adams (1920) , who assumed that the rate of adsorption is controlled by the surface reaction between the adsorbate and the unused capacity of the solid. The BDST model leads to a linear relationship between the time required to reach the desired breakthrough concentration (t B ) and the bed depth (Z):
where N 0 is the initial adsorptive capacity per volume of bed (mg/ml), C 0 is the influent concentration (mg/l), C B is the desired concentration of solute at breakthrough, u is the superficial liquid velocity [ml/(cm 2 min)] and k is the adsorption rate constant [ml/(mg min)].
Application of the BDST model requires specification of the breakthrough time (t B ). In this study, the breakthrough time was selected arbitrarily and specified as the time corresponding to C/C 0 = 0.1. Thomas (1948) streamlined a kinetic model from the Bohart and Adams analysis. The linearized expression derived by Thomas for an adsorption column (Reynolds and Richards 1996) is:
where C e is the effluent solute concentration (mg/l) at time t; k is the Thomas rate constant [ml/ (min mg)]; q 0 is the maximum adsorption capacity of the adsorbent (mg/g); M is the mass of adsorbent (g); and Q is the volumetric flow rate (ml/min). The Thomas equation constants k and q 0 can be obtained from the column data and can be used in the design of a full-scale adsorption bed. Note that only the time required to reach the specified breakthrough point and the corresponding bed depth are needed in the BDST model, while in the Thomas model the resulting entire breakthrough curve is needed. Both models will be applied to the experimental data obtained in this study.
RESULTS AND DISCUSSION
Concentration profile
The concentration variation along the column height was studied by introducing a solution with a phenol concentration of 50 mg/l at the bottom of the column at a rate of 4 ml/min. Samples were collected from ports located in the column at distances of 4, 8, 12, 16 and 20 cm (top of the column) from its bottom. The results presented in Figure 1 show the ratio of the effluent to the influent concentrations (C/C 0 ) versus bed depth at different time intervals. Initially, the feed solution was in contact with the fresh adsorbent at the bottom of the column. Phenol was adsorbed progressively from the liquid as it flowed upward. As more fluid entered the column, the bottom portion of the adsorbent became saturated with phenol and the adsorption zone, where most of the solute was removed, also moved upwards. Hence, the concentration in the lower portions of the packed bed was usually higher than that in the top portions. Eventually, when the adsorption zone reached the top of the column the bottom and the top concentration were approximately the same. This trend is clearly shown in Figure 1 .
The results presented in Figure 2 show the ratio of the effluent to the influent concentration (C/C 0 ) versus time at different bed heights for the process. The breakthrough time was dependent on the bed height with the breakthrough concentration being reached sooner at the lower ports in the column than at the higher ports. For example, the breakthrough time was 210 min at the top of the column whereas it was 10 min at the 4-cm bed height from the bottom. Breakthrough curves showed the constant pattern behaviour typical of favourable isotherms obtained in an earlier study , with a sharp initial breakthrough followed by a slow approach to equilibrium. This behaviour is more obvious at the lower ports than at the top ones. Steady state was attained after 900 min and during that time a 3.96 l volume of phenol solution was pumped through the column. 
Effect of influent flow rate
To study the effect of flow rate on the breakthrough curves, phenol solutions of 50 mg/l concentration were pumped at different flow rates, viz. 4, 8, 10 and 15 ml/min, through the column. Breakthrough curves at two port locations along the column (8 cm and 20 cm) were obtained for each of these flow rates. The breakthrough curves at different flow rates are shown in Figure 3(A) and (B) . As expected, the breakthrough time increased with decreasing flow rate. At the top of the column (20-cm port) [ Figure 3(B) ], breakthrough occurred after 210 min at a flow rate of 4 ml/min; however, when the flow rate was increased to 8 ml/min, only 120 min were required for breakthrough to occur. Similar behaviour can be noticed in Figure 3(A) for the other port location. At the 20-cm port, however, the influence of the influent flow rate on the breakthrough curves was more pronounced than that at the 8-cm port.
The phenol uptake of the column at each flow rate, as estimated from the material balance at steady state, is shown in Table 1 . Larger volumes of phenol solution were required to attain a steady state at high flow rates. The absolute amount of phenol removal and, consequently, the phenol uptake by the column was higher with high flow rates than with low flow rates. However, the percentage of phenol removal at low flow rates was higher than that at higher flow rates. The relationship between the breakthrough time and the bed depth for the four flow rates is shown in Figure 4 . The linear plots indicate the applicability of the BDST model to the bed system under investigation. The values of the two design parameters, N 0 and k, were determined from the intercept and the slope of these equations, respectively, according to equation (1). The variations of these two parameters, which can be used for the evaluation of the sorbent performance, are plotted in Figure 5 . As shown in the figure, a small increase in adsorption rate constant occurred with increasing flow rate. The adsorption capacity also increased when the flow rate was increased from 4 ml/min to 8 ml/min but remained almost constant at higher flow rates. The increase in N 0 can be attributed to the larger mass transfer driving force at high flow rates than at low ones. The column data for phenol removal were also fitted to the linearized form of the Thomas model as expressed by equation (2). The slopes and intercepts of the linearized plots ( Figure 6 ) were used to calculate the Thomas constants, k and q 0 . These constants are presented in Table 2 . This model adequately described the breakthrough data as is evident from the values of R 2 (Table 2 ) obtained by the model fit. The maximum adsorption capacities at different feed flow rates shown in Table 2 are comparable to the experimental phenol uptake values presented in Table 1 . 
Effect of initial concentration
The effect of the initial concentration of phenol on the breakthrough curves was studied at a fixed feed flow rate (4 ml/min). The concentrations studied were 25, 50 and 100 mg/l. Breakthrough curves at the two ports 8 cm and 20 cm along the column were obtained for each of these concentrations [ Figure 7 (A) and (B)]. As is apparent from the figure, increasing the feed concentration shortened the breakthrough time, the breakthrough times at the top of the column being 250, 210 and 85 min at feed concentrations of 25, 50 and 100 mg/l, respectively. Increasing the feed concentration by a factor of two, i.e. from 25 mg/l to 50 mg/l, only decreased the breakthrough time slightly while increasing the feed concentration from 50 mg/l to 100 mg/l caused a significant decrease in the value of the breakthrough time. Hence, in order to achieve the same operating capacity, it is either necessary to lower the feed flow rate when treating highly concentrated solutions or to use columns in a series arrangement. It should also be noted that, at different influent concentrations, the breakthrough curves were closer to each other at lower ports [ Figure 7 (A)] than at higher ones [ Figure 7 (B)].
The uptake of phenol as a function of feed concentration was calculated by performing a simple mass balance, the corresponding data being presented in Table 3 . It will be seen that the amount of phenol removal (%) increased with a decrease in the influent concentration. In agreement with our previous findings regarding the effect of the initial phenol concentration on its uptake in batch tests , a higher uptake of phenol in columns packed with chicken feathers was observed at higher influent phenol concentrations. The fact that increasing the feed concentration increased the mass transfer driving force was the reason behind this behaviour.
CONCLUSIONS
The removal of phenol from its aqueous solutions by chicken feathers was examined in a fixed bed system because continuous flow experiments in a column are to be preferred over batch experiments since they provide a closer simulation of commercial adsorbers. The variables examined in the present study included liquid feed rate, phenol concentration in the feed and the height of the column. Effluent concentrations were measured versus time to determine the shape of the breakthrough curve and the capacity of the sorbent. The data obtained indicate that a column packed with chicken feathers can reasonably be used for the removal of phenol from aqueous solution.
The breakthrough curves obtained in this investigation reflected the nature of the favourable adsorption isotherms obtained in an earlier study. The results showed that increasing the column height, decreasing the feed flow rate and decreasing the phenol concentration in the feed increased 
